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Guiding neutral polar molecules by electromagnetic vortex field — a classical
approach
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Faculty of Mathematics and Natural Sciences, College of Sciences,
Cardinal Stefan Wyszyn´ski University, Wo´ycickiego 1/3, 01-938 Warsaw, Poland
It is shown, within classical mechanics, that the field of an electromagnetic vortex is capable of
capturing and guiding neutral molecules endowed with a permanent electric dipole moment (PEDM).
Similarly as in the case of the magnetic field applied to elementary particles or atoms, this effect
turns out to be very delicate because of the small values of PEDM observed in real molecules.
They amount to 2 × 105 efm (electron charge × fermi) or less, which requires the use of very
strong electric fields. It has also been observed that there exists a threshold in field strength above
which the particles are ejected from the trap. Trajectories of guided particles are usually quite
chaotic, which is a consequence of non-linearity of the equations of motion. With a very special and
precise adjustment of parameters, a regular (i.e., circular, in the transverse plane) trajectory can be
obtained. The presence of an additional constant electric field pointing along the direction of the
wave propagation might help to achieve the necessary tuning and realize such trajectories.
I. INTRODUCTION
Trapping or guiding charged particles due to their
interactions with electric or magnetic fields in various
configurations constitutes a fairly well-known and well-
established phenomenon. Manipulating neutral particles
like atoms, molecules or elementary particles like neu-
tron for instance, is much more subtle matter although
not new either. This question dates almost 50 years back
to Ashkin’s papers [1, 2] in which the author proposed
and reported on experimental accelerating and trapping
small neutral particles using the radiation pressure ex-
erted by the laser light. This light pressure was then
used to demonstrate the levitation phenomenon of rela-
tively large objects (up to 25µm) [3], as well as to trap
atoms [4].
The other mechanism is based on polarizability of neu-
tral particles, which leads to the appearance of the gra-
dient force as a result of the spatial dependence of the
electric field. This kind of traps, called ‘optical dipole
traps’ was first considered in [5] and then used to focus
the beam of sodium atoms [6]. The first atomic trap —
again for sodium — based on this technique was reported
over 30 years ago in [7]. Sodium turned out to be here an
especially attractive object due to its high electric dipole
polarizability at a relatively low mass [8].
Yet another possibility is to use an external non-
homogeneous magnetic field to capture neutral parti-
cles endowed with non-zero magnetic moment as, for in-
stance, alkali atoms or even neutrons, by creating a cer-
tain potential well. In the case of latter ones such a trap
was successfully implemented in [9], and later for sodium
atoms in [10].
The idea of a trap being rotated (see for instance [11,
12]) led in turn to the suggestion of exploiting a rotating
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electromagnetic wave, i.e., the one that carries a non-zero
orbital angular momentum [13–15] and, due to the phase
singularity located at the axis of symmetry, called the
vortex wave. This idea turned out to be fruitful both for
charged [16] and neutral particles [17]. As in the case
of [9], for the latter ones the trapping mechanism was
based on the interaction of magnetic moments of parti-
cles with the magnetic field of the vortex. Due to very
tiny values of magnetic moments of elementary particles,
extremely strong fields are needed to trap or guide them
but in principle it should be possible [18].
In the present paper we would like to apply a simi-
lar idea to polar particles, i.e., those endowed with per-
manent electric dipole moment (PEDM). The symme-
tries of the Standard Model prevent elementary particles
to have PEDM relevant from an experimental point of
view [19]. Eventual measured non-zero values could be
the sign of a ‘new physics’. On the other hand, there
are molecules possessing relatively ‘large’ dipole moments
(above 10 Debyes); among them one can mention the di-
atomic molecules with ionic bonds likeKBr, KCl, RbCl,
BaS etc. [21], for which, at least in principle, the effect
might be measurable. In a static electric field a molecule
rotating with respect to an axis perpendicular to the
molecular axis would average its PEDM to zero, unless
the external field is strong enough to play the role of a
driving force. When a rotating electromagnetic wave is
involved, the mutual position between E and d becomes
important, and especially stable trajectories are achieved
by synchronizing the motion of these two quantities. This
synchronization can be enforced if the wave in question
has a sufficiently high intensity.
It should be noted, however, that in typical experi-
mental situations with elementary particles in time de-
pendent electric field, there appears an additional inter-
action of the magnetic moment with the accompanying
magnetic field (such as that given in (1b)) which turns
out to have even stronger influence on the behavior of a
particle than the electric one. Then the motion of a par-
2ticle becomes more complicated as a result of this double
interaction. Let us, therefore, compare the impact of
these two forces on the motion of molecules dealt with
in the present work. Assuming typical magnitude of the
magnetic moment of a molecule to be of order of µB, the
electric dipole moment of order of 10D and taking into
account that B/E = 1/c, one gets µB ∼ 10−4dE, which
means that the magnetic effects may be omitted within
our model.
It is quite interesting to observe that the property of
trapping particles by a wave carrying orbital angular mo-
mentum seems to be quite universal. It is applicable —
as it has already been mentioned — to both charged and
neutral particles provided they exhibit electromagnetic
properties. But, interestingly, the same property can be
attributed to gravitational waves and, as demonstrated
by the early results, leads to trapping massive bodies
through a similar mechanism [20].
Currently electromagnetic waves that exhibit a non-
zero orbital angular momentum are generated in many
ways such as spiral phase plates [22, 23], optical
fibers [24], computer-generated holograms [25] or spa-
tial light modulators [26], to mention only a few (for a
nice popular introduction see [27]). The most commonly
used light beams of this category are Bessel-Gauss and
Laguerre-Gauss beams, where the names refer to their
radial profiles (see for instance [28, 29]). In the paraxial
approximation the electromagnetic fields of both above
cases become linear in the radial variable and may be
chosen in the simplified form:
E(r, t) =
E0ω0
c
[f(r, t), g(r, t), 0] , (1a)
B(r, t) =
E0ω0
c2
[−g(r, t), f(r, t), 0] , (1b)
with
f(r, t) = x cosω0(t− z/c) + y sinω0(t− z/c), (2a)
g(r, t) = x sinω0(t− z/c)− y cosω0(t− z/c). (2b)
where ω0 stands for the wave frequency. As told above,
the magnetic field will not play any role here. Conse-
quently, in the non-relativistic approximation, the quo-
tients z/c may be omitted. Then, the electric field sat-
isfies the equation ∇ × E = 0. The motion in the z-
direction becomes uniform and entirely decouples from
the transverse degrees of freedom.
The present paper is organized as follows. In Sect. II
classical equations on motions for the translational and
rotational degrees of freedom are formulated. From these
equations a set of constants of motion together with addi-
tional identities can be derived. This is done in Sect. III.
Numerical solutions of the equations for certain chosen
values of parameters are found in Sect. IV. The appro-
priate trajectories in the plane perpendicular to the di-
rection of the wave propagation are obtained. It is also
analyzed how the values of the parameters of the model
(intensity and frequency of the wave, initial energy of
particles) affect the motion of particles being guided. In
Sect. V a special circular trajectory (a helix in 3D) is
studied. It is shown that this kind of a stable orbit can be
achieved with a precise adjustment of the parameter val-
ues. An additional constant electric field oriented along
the direction of the wave propagation allows to relax the
tuning condition.
II. EQUATIONS OF MOTION
We will concentrate on molecules or other particles
with axial symmetry (with respect to the axis corre-
sponding to the vector of the electric dipole moment d),
which, in classical mechanics, bears the name of a sym-
metric top. For such particles the tensor of inertia Iˆ may
be given the following form:
Iij=I⊥
(
δij − didj
d2
)
+ I‖
didj
d2
=I⊥δij −∆I didj
d2
= I⊥
(
δij − κdidj
d2
)
, (3)
where κ = (I⊥ − I‖)/I⊥ = ∆I/I⊥, d =
√
d2. The pa-
rameter κ is introduced in order to control — if needed
— the ‘oblateness’ of a given molecule. The values of κ
close to 1 correspond to a prolate (or even linear in the ex-
treme and most interesting case) particle, κ = 0 refers to
a spherical top and negative values describe oblate ones.
The dynamics of such a molecule results from the in-
teraction between the electric dipole moment and the
electric field of the electromagnetic wave. The following
equations of motion constitute the complete set for trans-
lational and rotational degrees of freedom of a molecule
of mass m:
m
d2
dt2
r = (d ·∇)E, (4a)
d
dt
J = d×E, (4b)
d
dt
d = ω × d. (4c)
where r denotes its position and J the angular momen-
tum. The latter can be written as
J = Iˆω = I⊥
(
ω − κ (ω · d)d
d2
)
= I⊥ωκ, (5)
where we have introduced the ‘projected’ angular velocity
ωκ = ω−κ(ω·d)d/d2 in place of the true angular velocity
ω connected with the rotation of the molecule. This leads
to some simplification of the equations of motion:
m
d2
dt2
r = (d ·∇)E, (6a)
I⊥
d
dt
ωκ = d×E, (6b)
d
dt
d = ωκ × d. (6c)
3In fact, when guiding a polar particle along a beam of
radiation, we are not interested in the value of ω, but
mainly in the position r. Therefore, ωκ is a quantity
equally good in our considerations as ω. Apparently
ωκ might be (at least in principle) eliminated from the
above equations, resulting in the motion independent of
the value of κ. This is not true, since κ enters through
the initial conditions for ω and d. Nonetheless from (6)
one can draw a conclusion that for any ‘oblateness’ the
same trajectory can be obtained by means of the appro-
priate modification on the initial conditions, although the
rotational states will be different. Equations containing
ω are much more intricate because of the nontrivial time
dependence of the moment of inertia components con-
nected with the instantaneous orientation of the electric
dipole moment.
The set of equations (6) is highly nonlinear and it is
unlikely to have it solved in an exact, analytical way,
maybe apart from some special cases. General trajecto-
ries of a guided molecule are mainly obtained through
the numerical solutions of the equations. For the numer-
ical analysis it is convenient to introduce dimensionless
quantities similarly as it was done in [17]:
ξ = kr, η =
d
d
, β =
E0d
mc2
, α =
E0d
I⊥ω20
, (7a)
τ = ω0t, Ωκ =
ωκ
ω0
, Ω =
ω
ω0
. (7b)
where k = ω0/c.
Using these quantities and appropriately rewritten
electric field (1a), together with (2) taken in the non-
relativistic approximation, the equations of motions can
be given the form (here · = d/dτ):
ξ¨ = βE(η, τ), (8a)
Ω˙κ = αη × E(ξ, τ) (8b)
= α[ηz(ξy cos τ − ξx sin τ), ηz(ξx cos τ + ξy sin τ),
(ηxξx − ηyξy) sin τ − (ηxξy + ηyξx) cos τ ],
η˙ = Ωκ × η, (8c)
where
E(ρ, τ) = [ρx cos τ + ρy sin τ, ρx sin τ − ρy cos τ, 0]. (9)
As mentioned, this is the complicated, nonlinear set for
nine unknown functions, the general solution of which is
not available. In Figure 1 certain exemplary numerical
solutions, for arbitrarily chosen values of the constants α
and β are presented in the graphical form.
The motion in the direction of the wave propagation
(the z-direction) is free. Contrary to this, in the perpen-
dicular plane (xy) the motion is bounded, thus providing
the opportunity to guide particles or molecules along a
beam of light. In the following sections the set of equa-
tions (8) will be studied in more detail.
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FIG. 1: The exemplary two- and three-dimensional trajecto-
ries of a neutral, polar particle in an electromagnetic vortex
field. On the left the motion in the perpendicular plane and
on the right the corresponding trajectory in 3D are depicted.
III. CONSTANTS OF MOTION AND
IDENTITIES
Manipulating the equations of motion, one can derive
a couple of formulas for the constants of motion. The
first two are rather obvious. They are the velocity of the
motion along the z-axis and the absolute value of the
electric dipole moment:
H1 = ξ˙z , (10a)
H2 = η2. (10b)
It should be noted, that ξ˙z might not be a constant if
relativistic effects were taken into account. This phe-
nomenon was observed and derived in [16] for charged
particles moving in an electromagnetic vortex field and
later in combination with a constant magnetic field [30].
However, the model considered in the present paper is
non-relativistic by definition since the electric dipole mo-
ment is not a relativistic concept.
The following constant of motion, i.e.,
H3 = 1
2β
ξ˙2 +
1
2α
Ω
2
κ − η · E(ξ, τ) −
1
α
Ωκ z , (11)
constitutes de facto an implementation of the principle
of energy conservation. Strictly speaking, the energy in
the considered system is not conserved due to the time
dependence of the electric field of the vortex, which is
not an ingredient of a dynamical system but rather an
external field remaining under our control. This is re-
flected by the presence of the last term in (11). The
first three terms are just the kinetic energy related to
the translational and rotational degrees of freedom and
4the potential energy of the dipole interaction with the
electric field. On the other hand from (8b) one obtains
d
dτ
(
1
α
Ωκ z
)
=(ηxξx − ηyξy) sin τ − (ηxξy + ηxξy) cos τ
=
∂
∂τ
(−η · E(ξ, τ)) , (12)
i.e., the variation in potential energy due to the explicit
time evolution of the electric field. This term constitutes,
therefore, the external source of the energy for the sys-
tem.
The subsequent constants of motion are the z-
component of the angular momentum stemming both
from the translational and rotational motions:
H4 = 1
β
(ξxξ˙y − ξy ξ˙x)− 1
α
Ωκ z (13)
and the projection of the angular velocity of the rotat-
ing particle onto the direction of the electric dipole mo-
ment, which is a direct consequence of the equations (8b)
and (8c):
H5 = η ·Ωκ = (1− κ)η ·Ω. (14)
This reflects the obvious fact, that the electric field is
unable to modify the component of the angular momen-
tum of the rotating particle parallel do d. The constant
H5 becomes trivial for linear molecules since then this
component identically vanishes.
One can also derive several identities useful for analyz-
ing the motion:
η˙2 −Ω2κ = H25, (15a)
ξ¨2 = β2(η2x + η
2
y), (15b)
Ω˙2κx + Ω˙
2
κ y = α
2η2z(ξ
2
x + ξ
2
y), (15c)
where the first one can be proved to be equal to the
square of (14).
In particular, for a uniform circular trajectory, for
which the (centripetal) acceleration is constant in time,
one can deduce from (15b) that the dipole has to per-
form a uniform rotation with respect to the z-axis. This
is confirmed by a direct calculation in section V.
IV. TRAJECTORIES
In this section we would like to draw and analyze nu-
merical solutions of the equations of motion in the per-
pendicular plane. In general, the effects exerted by the
vortex field on neutral particles are very delicate and in
practical applications it is necessary either to pre-cool
particles to be trapped or to use extremely powerful
fields. Therefore, in the following subsection, we will
focus on the strength of the electromagnetic field and
initial kinetic energy of the particles and try to establish
the magnitudes of these quantities for which the trap-
ping ability of the vortex field can be achieved. The size
of traps is of interest as well.
As it has already been mentioned, the ‘oblaticity’ pa-
rameter κ does not enter into the equations of motion (8).
It is hidden behind the quantity Ωκ and solutions of the
equations for ξ and η do not depend on its value. It
intervenes only through the initial state of particle rota-
tion, and therefore, it does not have to be independently
studied.
A. Field strength
A glance at the equations (8) shows that after rescal-
ing the vector ξ with the factor β, the only parameter
that remains is γ = αβ which is proportional to the
wave intensity or electric field squared. It should be re-
membered, of course, that the initial conditions for the
particle position or energy are rescaled in a similar man-
ner (and hence, the parameter β will still be present in
the solutions), which should be taken into account when
solving the problem numerically and scaling the axes of
the coordinate system.
The actual values of PEDMs of neutral molecules,
atoms or particles are extraordinarily small. Relatively
‘large’ value is measured for the Λ0 hyperon for which
dΛ = (−3.0 ± 7.4) × 10−4 e fm [31]. For the neutron
the observed limit is much lower dn . (−0.21 ± 1.82)×
10−13 e fm [32] at roughly comparable masses of both par-
ticles.
In the case atoms, the observed upper limits account
for 10−11 − 10−9 e fm (for instance [33–35], see also the
review article by Chupp et al. [36]). As to the molecules
the measurements show that PEDMs reach the value of
2 × 105 e fm for some linear ones. As an example can
serve here the diatomic molecules of KBr, KCl, RbCl or
BaS [21]. Estimated moments of inertia account for from
2.6 × 10−3 u fm2 for the neutron (and not very different
for Λ0) to 6× 109 u fm2 for small molecules.
Due to the extremely small values of PEDM the trap-
ping or guiding the particles due to the mechanism de-
scribed in this work has by now rather theoretical na-
ture and is limited to molecules since very intense fields
would be required in experiments to achieve the goal.
For instance electric fields of order of 100 kV/cm (which
is, however, still much lower than the internal field in
a molecule) yield the values of the parameter γ falling
within the range from 2.5 × 10−28 for Λ0 to 10−12 for
molecules (assuming the electromagnetic wave frequency
of order of ω0 ≈ 1012 s−1). This is the typical situation
when trapping and guiding neutral particles, that the ef-
fects are very tiny: this equally refers to the particles
endowed with magnetic moment [17, 18] in interaction
with magnetic field.
Figure 2 presents the numerical solutions of the equa-
tions of motion in the form of the particle trajectories
for eight increasing values of γ. The trap would still be
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FIG. 2: The modification of the particle trajectory with increasing field strength. The subsequent values of parameters are:
γ = 10−10, 10−9, 10−8, 10−7, 10−6, 10−5, 4 × 10−4, 4 × 10−3. It is visible that for more intense fields the trajectories become
tighter. If some threshold value of the electric field is exceeded, the trajectory becomes unstable. The unit on the axes is the
wavelength λ.
effective even for the values of γ which are several of or-
ders of magnitude smaller than those presented in the
figure but the trajectories become then very extended,
and the time of particles oscillations very large. The fact
that the trap would still play its role is due to its spa-
tial extent (in fact unlimited in our model) and to the
linear growth of the field in radial direction, according
to the formulas (1) and (2). In real circumstances, the
beam of electromagnetic field is not so wide, and in any
case, the range of applicability of the paraxial approxi-
mation is limited in space to distances of order of λ [30].
Roughly, one can say that the trajectories plotted in first
three pictures correspond to escaping particles, and only
a high increase of the electric field strength entails the
capture of particles, as in the following four plots.
The interesting effect to be mentioned is the break-
down of the trap when the vortex field becomes too
strong. This is seen on the last plot, where a particle,
after a couple of oscillations, is kicked off the electro-
magnetic field. The mechanism of this effect is explained
in the third plot of Figure 3. Contrary to the first two
drawings, where PEDM is either rotating constantly par-
allel to the electric field (as in the case of circular motion
dealt with in Sec. V) or oscillating with vanishing mean
value (as in the case of more chaotic motion), in the un-
stable case the PEDM is captured in an anti-parallel ori-
entation. This results in the appearance of the radial
force pointing outwards, i.e. towards the larger elec-
tric field, instead of the vortex axis. As a result, the
particle is kicked out of the field. This effect occurs in
magnetic traps as well [11]. It is so, since, for a very
strong field, the greatest drop in potential energy in the
four-dimensional space (the space of two angles of η, ξx
and ξy) for an anti-parallel orientation is achieved not by
the rotation of the dipole, but by its ejection from the
field. This phenomenon can be eventually compensated
for by increasing the frequency of electromagnetic wave
and consequently, the frequency of the rotation of E.
One should mention the observed fact of high sensitiv-
ity of the shape of trajectories on the initial orientation
of the PEDM with respect to the electric field. It is a
natural consequence of the highly nonlinear character of
the differential equations (8), which property introduces
some chaotic character to the motion.
B. Initial energy
Quite a common situation in trapping neutral parti-
cles, whether by electric or magnetic field, is the need to
cool them down to keep them trapped (see for instance
[37–39]). Due to the relatively shallow potential wells
that are obtained in realistic situations, cooling down to
millikelvins or even microkelvins is required. This can
be achieved for instance by laser cooling and partially in
a simple way of letting hot particles to escape from the
trap. The same happens in the guiding trap currently un-
der consideration, implemented by the interaction of the
PEDM with the electric field of the vortex. The escape
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of particles caused by their excessive energies is a result
of the finite size of the trap, which in our model (paraxial
approximation) is, formally, not feasible but nevertheless,
can be visualized. Figure 4 shows the gradual expansion
of the trajectory (up to the dimensions exceeding the
trap size) with the increase of the initial kinetic energy
of the particles (all drawings cover the same time inter-
val). This might be expected, but is not obvious due
to the strongly chaotic nature of the equations of mo-
tion. The fact that the escape phenomenon occurs only
for very high velocities is due to extremely strong fields
(γ = 10−10), and therefore, the plots should be treated as
illustrative rather than quantitative. It can be roughly
estimated, however, that for a particle with PEDM of
10D, with transverse dimensions of the trap of order of
the wavelength and an electric field of about 1 kV/cm,
particles should be cooled down to temperatures of few
millikelvins, which is quite a typical result for the very
shallow binding potential.
Of course, apart from rather regular trajectories shown
in the figure, there are also many more chaotic trajecto-
ries revealing the same phenomenon.
As we already know, in the case of extremely strong
fields, formally capable of trapping particles, there ap-
pears another escape mechanism, mentioned in the pre-
vious sub-section (see last plots in Figures 2 and 3). It
should also be added that in quantum picture, the escape
can also be realized through tunneling effect [18].
V. CIRCULAR SOLUTION
Among all trajectories, more or less chaotic in nature,
one can obtain, upon fine tuning of parameters a certain
regular, circular trajectory. In order to find out that it is
really possible let us look for a solution in the following
form:
ξx(τ) = ξ0 cosστ, ξy(τ) = ξ0 sinστ, (16)
where ξ0 and σ are certain constants. Then, from (8a)
one easily obtains
ηx(τ) = η0 cos(1− σ)τ, ηy(τ) = η0 sin(1− σ)τ, (17)
with η0 = −σ2ξ0/β ≤ 1 and ηz0 = ±
√
1− η2
0
. If such a
solution exists, it can be easily verified that
η · E(ξ, τ) = ξ0 · η0 (18)
i.e., the projection of the PEDM onto the electric field
is time independent since these vectors stay constantly
parallel, in agreement with the first plot of Figure 3.
Integrating (8b), one gets
Ωκ =
αηz0ξ0
1− σ [cos(1 − σ)τ, sin(1− σ)τ, 0] +Ωκ0. (19)
Now it stems from (8c) that the integration constant(s)
Ωκ 0 for this type of a motion to be realized, must have
the form:
Ωκ0 =
[
0, 0, 1− σ + α(1 − η
2
0)ξ0
η0(1 − σ)
]
, (20)
which means that at the initial moment the PEDM has to
perform the precession around the direction of the prop-
agating wave. This precession is then preserved through-
out the motion.
The fine-tuning condition
(1− σ)2 − γη
2
z0
σ2
− Ωκz0(1− σ) = 0, (21)
can be released by inserting into the system a fixed elec-
tric field oriented along the z-axis (Ez). Such a field of
adequate value enforces the desired precession leading to
a condition easier to satisfy
(1− σ)2 − γη
2
z0
σ2
− Ωκz0(1 − σ) = ηz0αz, (22)
where
αz =
Ezd
I⊥ω20
. (23)
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FIG. 4: Widening of trajectories with increasing initial kinetic energy of captured particles. In these plots γ = 10−10 and initial
velocities (chosen in the radial direction) are subsequently: 10−7c, 10−5c, 2× 10−5c, 7× 10−5c.
This situation is somewhat similar to that of [17] where
a certain constant magnetic field parallel to the z axis was
shown to possess a resonant values, for which spinning
particles were carrying out a circular motion. In the case
of charged particles, in turn, the combined action of the
vortex field and a constant magnetic field caused the pin-
ning of Landau’s orbits [30]. Surely, one controls neither
ηz0 nor Ωκz0, but particles not satisfying (21) or (22)
finally escape from the trap, leaving inside only those
performing the stable motion (16).
Keeping in mind that γ is in general very small, the
resonance condition (22) can be given the elegant form:
I⊥(ω0 − ωr)2 = Ez · d, (24)
where ωr = σω0 is the angular velocity of the particle in
a circular motion state. This equation may be called a
viral relation because it states that the kinetic energy in
the rotational motion of a solid (this solid on the circular
trajectory must be rotating with velocity equal to ω0 −
ωr in order to stay synchronized with the vortex field)
amounts to minus one half of the potential energy of the
interaction of a dipole with the external field.
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FIG. 5: Circular trajectory for fine-tuned parameters on the
left and for slightly detuned ones on the right.
As it is obvious, the solution (16) satisfying (21) cor-
responds to a certain circular trajectory shown on the
left plot in Figure 5. For the parameters slightly detuned
the trajectory gets changed into one (obtained numeri-
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FIG. 6: Motion of the time-averaged position (i.e., the center
of the moving circle), for the slightly detuned parameters as
in Fig. 5, but for much larger time.
cally from (8)) for which the circle travels back and forth,
retaining its character, as depicted on the right plot.
What is interesting, for still longer times τ , the circular
orbit travels across the plane, still preserving the circular
shape. In order to better visualize this kind of a motion
without losing transparency, Figure 6 was performed to
show the traveling position of the center of this circle
when displacing. The line is obtained by averaging the
particle position over the time of a single cycle.
VI. SUMMARY
The current work was concerned with the propagation
of neutral particles (mainly molecules), endowed with the
permanent electric dipole moment in the field of an elec-
8tromagnetic wave with phase singularity. It has been
shown that this kind of a wave is able to trap such neu-
tral objects and guide them along the vortex core. Due
to the very tiny values of the electrical moments, this can
be achieved by using huge values of the external fields.
This is quite typical of magnetic traps, as in general the
potential depth resulting from the interaction of mag-
netic moment and magnetic field is very shallow. This,
naturally, requires the adequate pre-cooling of particles.
A similar situation occurs in the current setup. It was
shown, in a numerical manner, that the cooling of parti-
cles helps to prolong their trapping time.
A mechanism of ejecting the particles from the very
strong field has been revealed. It is connected with the
anti-parallel positioning of the PEDM and the rotating
electric field, where it is energetically more beneficial to
eject the particle outside than to turn the dipole moment.
The obtained trajectories exhibit in general chaotic be-
havior. This has been observed for particles guided or
trapped via the magnetic moment interactions and is a
consequence of strongly nonlinear nature of the equations
of motion. The parameters can be, however, fine tuned
so that the obtained trajectory becomes regular and sta-
ble: the particle then runs along a helix. Introducing
an additional constant electric field along the vortex core
allows to better control the motion and extend the range
of parameters for which the motion is circular.
An interesting extension of the present work, with
more practical realizations, would be to investigate the
same mechanism of trapping and guiding neutral parti-
cles without PEDM but with a dipole moment induced
by a vortex field.
[1] A. Ashkin, Phys. Rev. Lett. 24, 156(1970).
[2] A. Ashkin, Phys. Rev. Lett. 25, 1321(1970).
[3] A. Ashkin and J.M. Dziedzic, App. Phys. Lett. 19,
283(1971).
[4] A. Ashkin, Phys. Rev. Lett. 40, 729(1978).
[5] V.S. Letokhov, JETP Lett. 7, 272(1968).
[6] J.E. Bjorkholm, R.R. Freeman, A. Ashkin, and D.B.
Pearson, Phys. Rev. Lett. 41, 1361(1978).
[7] S. Chu, J.E. Bjorkholm, A. Ashkin, and A. Cable, Phys.
Rev. Lett. 57, 314(1986).
[8] P. Schwerdtfeger and J.K. Nagle, Molecular Physics 117,
1200(2019).
[9] K.-J. Ku¨gler, W. Paul and U. Trinks, Phys. Lett. 72B,
422(1978).
[10] A.L. Migdall, J.V. Prodan, W.D. Phillips, T.H. Berge-
man, and H.J. Metcalf, Phys. Rev. Lett. 54, 2596(1985).
[11] W. Paul, Electromagnetic traps for charged and neutral
particles, Rev. Mod. Phys. 62, 531 (1990).
[12] I. Bialynicki-Birula and T. Sowin´ski, Gravity-induced res-
onances in a rotating trap, Phys. Rev. A 71, 043610
(2005).
[13] J. Arldt, T. Hitomi and K. Dholakia, Appl. Phys. B 71,
549 (2000).
[14] D. P. Rhodes, D. M. Gherard, J. Livesey, D. McGloin,
H. Melville, T. Freegarde and K. Dholakia, J. Mod. Opt.
53, 547 (2006).
[15] D. McGloin, G. C. Spalding, H. Melville, W. Sibbett and
K. Dholakia, Applications of spatial light modulators in
atom optics, Opt. Expr. 11, 158 (2003).
[16] I. Bia lynicki-Birula, Phys. Rev. Lett. A 93,
020402(2004).
[17] I. Bia lynicki-Birula and T. Radoz˙ycki, Phys. Rev. A 93,
063402(2016).
[18] T. Radoz˙ycki, Phys. Rev. A 98, 013424(2018).
[19] I.B. Khriplovich and S.K. Lamoreaux, CP Violation
Without Strangeness. Electric Dipole Moments of Par-
ticles, Atoms, and Molecules, Springer, Berlin 1997.
[20] I. Bia lynicki-Birula and S. Charzyn´ski, Phys. Rev. Lett.
121, 171101(2018).
[21] J. Rumble (ed.), CRC Handbook of Chemistry and
Physics, 99th Ed., Taylor&Francis, 2018.
[22] M.W. Beijersbergen, R. Coerwinkel, M. Kristensen and
J.P. Woerdman, Opt. Commun. 112, 321(1994).
[23] K. Sueda, G.Miyaji, M. Miyanaga and M. Nakatsuka,
Opt. Express 12, 3548(2004).
[24] W. Chen and Q. Zhan, Opt. Lett. 34, 722(2009).
[25] A.V. Carpentier, H. Michinel and J.R Salgueiro, Am. J.
Phys. 76, 916(2008).
[26] A. Jesacher, C. Maurer, A. Schwaighofer, S. Bernet and
M. Ritsch-Marte, Opt. Express 16, 2597(2008).
[27] M. Padgett, J. Courtial and L. Allen, Physics Today 57,
35(2004).
[28] I. Bia lynicki-Birula and Z. Bia lynicka-Birula, Phys. Rev.
A 67, 062114(2003).
[29] D. McGloin and K. Dholakia, Contemporary Physics 46,
15(2005).
[30] I. Bia lynicki-Birula and T. Radoz˙ycki, Phys. Rev. A 73,
052114(2006).
[31] L. Pondrom, R. Handler, M. Sheaff, P.T. Cox, J.
Dworkin, O.E. Overseth, T. Devlin, L. Schachinger, and
K. Heller, Phys. Rev. D 23, 814(1981).
[32] J.M. Pendlebury et al., Phys. Rev. D 92, 092003(2015).
[33] S. A. Murthy, D. Krause, Jr., Z. L. Li, and L. R. Hunter
Phys. Rev. Lett. 63, 965(1989).
[34] R.H. Parker, M.R. Dietrich, M.R. Kalita, N.D. Lemke,
K.G. Bailey, M. Bishof, J.P. Greene, R.J. Holt, W. Ko-
rsch, Z.-T. Lu, P. Mueller, T.P. O’Connor, and J.T.
Singh, Phys. Rev. Lett. 114, 233002(2015).
[35] M.A. Player and P.G.H. Sandars, J. Phys. B: At. Mol.
Phys. 3, 1620(1970).
[36] T.E. Chupp, P. Fierlinger, M.J. Ramsey-Musolf, and J.T.
Singh, Rev. Mod. Phys. 91, 015001(2019).
[37] C.S. Adams and E. Rijs, Prog. Quant. Electr. 21,
1(1997).
[38] A. Ashkin, Proc. Natl. Acad. Sci. USA 94, 4853(1997).
[39] V.I. Balykin, V.G. Minogin and V.S. Letokhov, Rep.
Prog. Phys. 63, 1429(2000).
